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Abstract 
Rapid Prototyping has come out as the best technology in the recent times, which allows the direct conversion of CAD files into 
the functional prototypes where it mainly decreases the lead time to produce the physical prototype important for design 
verification and operational analysis by creating the prototype directly from CAD data. Part quality of the prototype in the RP 
technique mainly depends upon the parameters such as hatch cure depth, layer thickness, orientation, laser power, temperature, 
hatch spacing. Thus an attempt was made to study and optimization of process parameters governing the system which are linked 
with part characteristics by using the Taguchi experimental design technique. This paper proposes to characterize the influence of 
physical build parameters over the part quality. This paper mainly represents the influence of three parameters i.e. Laser power, 
Temperature and Part Orientation for the dimensional accuracy and micro-hardness of part made in Selective Laser Sintering 
technique by using the Taguchi technique and an orthogonal array of experiment was developed which has least number of 
experimental runs with above three process parameters and also made by analysis tools such as ANOVA (Analysis of Variance). 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
      During the last decade a new physical rapid prototyping concept called layered manufacturing or solid freeform 
fabrication (SFF) has gained popularity worldwide. The term rapid prototyping (RP) refers to a class of technologies 
that can automatically construct physical models from Computer Aided Design (CAD) data. These “three 
dimensional printers” allow designers to quickly create tangible prototypes of their designs, rather than just two 
dimensional pictures. Such models have numerous uses. They make excellent visual aids for communicating ideas 
with co-workers or customers. In addition, prototypes can be used for design testing. Selective Laser Sintering is one 
of the RP technique [1], uses a laser beam to selectively fuse powdered materials, such as nylon, elastomer, and 
metal, into a solid object. Parts are built upon a platform which sits just below the surface in a bin of the heat-fusible 
powder. A laser traces the pattern of the first layer, sintering it together. The platform is lowered by the height of 
next layer and powder is reapplied. This process continues until the part is complete. Excess powder in each layer 
helps to support the part during the build. SLS machines are produced by DTM of Austin, TX [1]. Hence, an attempt 
is made to select optimized process parameters to enhance the part quality via. Dimensional accuracy [2] and micro-
hardness by using the Taguchi method. 
Nomenclature 
RP rapid prototyping CNC computer numerical 
control  
SS sum of square 
SLS selective laser sintering  LENS laser engineered net 
shaping  
DOF degree of freedom 
CAD computer aided design RM rapid manufacturing p probability value 
STL standard triangular 
language 
OA orthogonal array i parameter 
UV ultra-violet S/N sound to noise ratio H micro-hardness 
LOM laminated object 
manufacturing 
ANOVA analysis of variance LP laser power 
SLA stereolithography DOE design of experiment TEMP. temperature 
SGC solid ground curing           SD standard deviation PO part orientation 
PVC poly vinyl chloride MSD mean square standard 
deviation 
  
MJM  multi jet modelling PA polyamide   
2. Experimental Methods and Methodology 
     The experimental building material adopted is DuraForm PA (Polyamide) as powder [3,4]. The experimental 
building models are categorized into nine specimens for checking the dimensional accuracy and micro-hardness, 
which are to be done CMM (Co-ordinate Measuring Machine) and Vicker’s Micro-hardness Testing machine. The 
STL format is generated by PRO-E Creo 2.0 and sends to the 3D System VANGUARD SI2TM HS SLS Selective Laser 
Sintering Machine. The various pre-processing steps such as STL verification, deposition layer thickness, Part 
orientation, Laser power, Temperature [5,6], Building interior structure form, supporting method and building 
deposition direction are to be followed by the layer slicing process to generate the building path according to the 
shape of part[5]. Building quality characteristics or attributes include the nominal-the-better for Dimensional 
accuracy [7] and Larger-the-better for Micro-hardness. 
 
2.1. Experimental apparatus 
 
     The major experimental apparatus adopted includes, 3D System VANGUARD SI2TM HS SLS Selective Laser 
Sintering Machine produced by DTM of Austin, TX where it use the Duraform PA(Polyamide[14]) to build 
geometrical shape of the work piece [8] . The drawing of part is given below as Fig1. The dimensions of part were 
checked on CMM (Co-ordinate Measuring Machine) and Micro-hardness was checked on Vicker’s Micro-hardness 
Testing machine. 
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Fig 1: Drawing of Experimental Part 
2.2. Taguchi Quality Engineering 
 
     As we know that Orthogonal Array is to be used for Taguchi method as the experimental analysis basis [9, 
10]. The experimental factors and their corresponding levels are identified. Then the experimental result are 
further used and confirmed by the analysis of variance (ANOVA), in order to check each factor effect versus 
the response variable: Dimension: First dimension (length), Second Dimension (depth) and third dimension 
(width) and Micro-hardness of SLS prototypes [11]. The experimental procedure is as given below: 
Identification of SLS process parameters that influence the response variable, determination of levels for the 
factors. Based on the factors and their levels, the degree of freedom is calculated and suitable orthogonal array 
and degree of freedom is to be selected. The experimental results are obtained and the signal to noise ratio (S/N 
ratio), the ANOVA [12] and the corresponding contribution are computed. The Taguchi method is the method 
which converts the parameter design into the S/N ratio, which is known as Quality Characteristic evaluation 
index, with S/N ratio, least variation and the optimal quality design can be attained. The S/N ratio is the 
mathematical formula used to calculate the design robustness [12].  The larger the S/N ratio, the more robust the 
performance. The Signal-to-Noise ratio gives a sense of how close the design is to optimum performance of a 
product or process. The S/N Ratio is an index for the robustness of quality and it shows the magnitude of 
interaction between “control factors” and “noise factors”. Control and noise factors must be assigned to 
different groups for the study of robustness, which is significantly different from the traditional DOE approach 
where there are no distinctions between control and noise factors. According to response variable, Nominal is 
better (NB) is used for the dimensional accuracy[13]. Regardless of the category of the performance 
characteristics, a larger S/N value corresponds to a better performance and Larger the better (LB) is used for 
Micro-hardness of SLS prototypes[15]. 
 
 
 
 
Table 1: Description of Experimental Control Parameters 
 
              Symbol Control Parameter LEVEL 1 LEVEL 2 LEVEL3 
              A Laser Power(LP)      18.5              20.5              22 
              B        Temperature (TEMP.)      171              173.5              174.5 
              C       Part Orientation (PO)      0°              45°              90° 
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Table 2: L9 Orthogonal array 
 
Experimental run LEVELS 
 A-Laser Power(LP)-kW     B-Temperature (TEMP.)-°C C-Part Orientation(PO)-° 
1        1       1       1 
2        1       2       2 
3        1       3       3 
4        2       1       2 
5        2       2       3 
6        2       3       1 
7        3       1       3 
8        3       2       1 
9        3       3       2 
3. Experimentation & Results 
3.1. Experimental analysis for dimensional accuracy 
(a)                                                                                                                                                (b) 
 
 
Fig. 2. (a) SLS prototypes for Dimensional Accuracy and Micro-hardness; (b)  First and Second part of Single Specimen 
3.1.1. Experimental Analysis for First Dimension and Second Dimension, (Length) D1=60mm and (Depth) D2 =3mm 
     The nine specimens were built for L9 orthogonal array setting using the DuraForm PA (polyamide) as powder 
material. This dimension was checked on CMM (Co-ordinate Measuring Machine). The experimental results are 
given in the Table 3. 
Table 3: Process parameters and their values 
Exp.No. Combinations First Dimension=60mm Second Dimension=3mm 
 LP Temp PO 1D.1 1D.2 Mean 2D.1 2D.2 Mean 
1 1 1 1 59.540 59.564 59.5520 3.020 3.040 3.030 
2 1 2 2 59.588 59.534 59.5610 2.971 2.952 2.962 
3 1 3 3 59.562 59.603 59.5825 3.048 3.012 3.030 
4 2 1 2 59.603 59.643 59.6230 3.051 3.102 3.077 
5 2 2 3 59.616 59.545 59.5805 2.965 2.902 2.934 
6 2 3 1 59.589 59.654 59.6215 3.075 3.012 3.044 
7 3 1 3 59.534 59.567 59.5505 2.989 2.900 2.945 
8 3 2 1 59.521 59.589 59.5550 2.891 2.578 2.735 
9 3 3 2 59.627 59.578 59.6025 2.696 2.934 2.815 
 
3.1.2. Prediction of optimal levels of process parameters 
     S/N ratio is an evaluation measure for the process parameters at each process level where the signal exhibits the 
desired target (Nominal is better) and noise shows the undesired value. The average S/N ratios for process 
parameters at each level are an average at a defined level. Table 4 shows the average S/N ratios for the process 
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parameters (LP, TEMP., PO) at three levels. The graph showed in the fig 1 shows the variation of average S/N ratio 
with respect to various levels. The main objective is to nominal the first and second dimension of the parts produced 
by SLS process. To attain this S/N should be more. Hence the level having high S/N ratio is selected as optimum 
level which contribute the higher dimensional accuracy.  
 
Mean Square Deviation (MSD) = ∑Yi2/N                                                                                                                    (1) 
Where Yi = Measured First Dimension value 
            N = No. of samples 
After calculating the MSD, we calculate the S/N ratio for each combination by put up the values in the following 
given formula below: 
Sound to noise ratio, S/N ratio = -10 log10MSD [12].                                                                                                  (2) 
Therefore, the optimum levels contributing the higher dimensional accuracy for first dimension (length) of the part 
are: 
Laser power: 18.5 kW(Level 1, S/N Ratio: 31.5077) , Temperature :171°C(Level 1, S/N Ratio: 33.0051), Part 
Orientation : 90° (Level 3, S/N Ratio: 29.7933) 
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Fig (3):  Average S/N ratio graph for First Dimension (Length) 
 
 
Table 4: S/N Ratio for different level for First dimension      Table 5: Shows the % of contribution of the parameters to the dimensional accuracy 
                         Via. First dimension (Length) along with the ANOVA parameter 
 
 
 3.1.3. Identification of significant and percentage of contribution of process parameters 
 
     The process parameter ( LP, TEMP., PO) which influences much on response variable is identified through the 
percentage of contribution of these three process parameters. The parameter which has more % of contribution is the 
significant parameter to the response variable have mentioned in the ANOVA is widely used for finding the 
Parameter 
‘i’ 
Degree 
of 
Freedom 
Seq SS Adj MS F P % of 
Contriba 
LP 2 19.684 9.842 12.21 0.076 24.75 
TEMP. 2 58.064 29.032 36.01 0.027* 73.01 
PO 2 0.161 0.081 0.10 0.909 0.20 
Error 2 1.612 0.806   2.02 
Total 8 79.521     
Significance at 95% confidence level 
Parameters Levels S/N Ratioavg 
 
Laser Power 
(kW) 
18.5 31.5077 
20.5 27.9021 
22.0 29.4022 
 
Temperature 
(°C) 
171.0 33.0051 
173.5 26.9026 
174.5 28.9043 
 
Part 
Orientation(degrees) 
0° 29.5061 
45° 29.5126 
90° 29.7933 
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significance of the independent variable in influencing the dependent variable and also in the calculation of % of 
contribution of these dependent variable to the response variable. 
 
3.1.4. Experimental Analysis for second dimension of SLS part: 
 
     The analysis for the second dimension (depth) is identical as in 3.1. The nine specimens were built for L9 
orthogonal array setting using the DuraForm PA (polyamide) as powder material. This dimension was checked on 
CMM (Co-ordinate Measuring Machine). The experimental results are tabulated in table 3 which shows the second 
dimension. Table 6 shows the S/N ratio for each level in each factor and fig. Shows the variation of S/N ratio for all 
controllable factors. The level which have higher S/N ratio is selected as the optimum level contributing the higher 
dimensional accuracy for second dimension. Hence the optimal parameters are Laser power: 18.5kW (Level 1, S/N 
Ratio: 35.4364) Temperature: 171°C (Level 1, S/N Ratio: 29.9570) Part Orientation: 90° (Level 3, S/N Ratio:  
27.6434). The table 7 represents the percentage of contribution of each factor for second dimension with estimated   
ANOVA parameters. 
321
35
30
25
20
15
321
321
35
30
25
20
15
LP
Mea
n o
f SN
 rat
ios
TEMP.
PO
Main Effects Plot for SN ratios
Data Means
Signal-to-noise: Nominal is best (-10*Log10(s**2))
 
Fig 4:  Average S/N ratio graph for Second Dimension 
 
 Table 6: S/N Ratio for different level for Second dimension        Table 7: Shows the % of contribution of parameter to dimensional accuracy via.  
                                                                                                        Second dimension along with ANOVA parameter 
Parameters Levels S/N Ratioavg 
 
Laser Power 
(kW) 
18.5 35.4364 
20.5 27.6353 
22.0 17.5336 
 
Temperature 
(°C) 
171.0 29.9570 
173.5 25.8527 
174.5 24.7955 
 
Part 
Orientation(degrees) 
0° 25.7042 
45° 27.2576 
90° 27.6434 
 
3.1.5. Experimental Analysis for Third dimension (Width) D3=21.60mm 
The analysis for the third dimension (width) is identical as in 3.1. The nine specimens were built for L9 orthogonal 
array setting using the DuraForm PA (polyamide) as powder material. This dimension was checked on CMM (Co-
ordinate Measuring Machine). The experimental results are tabulated in table 8 which shows the third dimension. 
Table 9 shows the S/N ratio for each level in each factor and fig. shows the variation of S/N ratio for all controllable 
factors. The level which have higher S/N ratio is selected as the optimum level contributing the higher dimensional 
accuracy for second dimension. Hence the optimal parameters are Laser power: 18.5kW (Level 1, S/N Ratio: 
Parameter 
‘i’ 
Degree of 
Freedom 
Seq SS Adj 
MS 
F P % of 
Contriba 
LP 2 483.41 241.71 13.30 0.070* 84.70 
TEMP. 2 44.60 22.30 1.23 0.449 7.81 
PO 2 6.32 3.16 0.17 0.852 1.10 
Error 2 36.33 18.17   6.36 
Total 8 570.68     
Significance at 95% confidence level 
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32.4109) Temperature: 171°C (Level 1, S/N Ratio: 31.9488) Part Orientation: 90° (Level 3, S/N Ratio: 30.1798). 
The table 10 represents the percentage of contribution of each factor for third dimension with estimated ANOVA 
parameters. The calculated values table is shown below: 
     Table 8: Test results and Mean values for the part quality 
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Fig 5: Average S/N ratio graph for Third Dimension 
 
Table 9: S/N Ratio for different level for Third dimension           Table 10: Shows the % of contribution of parameter to dimensional accuracy via.  
                                                                                                        Third dimension along with ANOVA parameter 
 
3.1.6. Experimental Analysis for Micro-hardness of SLS part: 
Exp.No. LP Temp PO Mean 
1 1  1 1 21.5560 
2 1 2 2 21.5770 
3 1 3 3 21.5890 
4 2 1 2 21.5950 
5 2 2 3 21.5775 
6 2 3 1 21.5935 
7 3 1 3 21.5645 
8 3 2 1 21.5740 
9 3 3 2 21.5785 
Parameters Levels S/N Ratioavg 
 
Laser Power 
(kW) 
18.5 32.4109 
20.5 29.7029 
22.0 25.6594 
 
Temperature 
(°C) 
171.0 31.9488 
173.5 26.0236 
174.5 29.8009 
 
Part 
Orientation(degrees) 
0° 29.1836 
45° 28.4099 
90° 30.1798 
Parameter 
‘i’ 
Degree of 
freedom 
Seq SS Adj 
MS 
F P % of 
Contriba 
LP 2 69.266 34.633 3.94 0.202 47.58 
TEMP. 2 53.990 26.995 3.07 0.246 37.09 
PO 2 4.724 2.362 0.27 0.788 3.24 
Error 2 17.577 8.788   12.07 
Total 8 145.556     
Significance at 95% confidence level 
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3.1.6.1. Prediction of optimal levels of process parameters 
     S/N ratio is an evaluation measure for the process parameters at each process level where the signal exhibits the 
desired target (Larger is better) and noise shows the undesired value. The average S/N ratios for process parameters 
at each level are an average at a defined level. Table 12 shows the average S/N ratios for the process parameters 
(LP, TEMP., PO) at three levels. The graph showed in the fig 6 shows the variation of average S/N ratio with 
respect to various levels. The main objective is to maximize the micro-hardness of the parts produced by SLS 
process. To attain this S/N should be more. Hence the level having high S/N ratio is selected as optimum level 
which contribute the higher Micro-hardness. The analysis for the micro-hardness is to be done. The nine specimens 
were built for L9 orthogonal array setting using the DuraForm PA (polyamide) as powder material. This was 
checked on Vicker’s micro-hardness testing machine. The experimental results are tabulated in table 11 which 
shows the micro-hardness values. Table 12 shows the S/N ratio for each level in each factor and fig. shows the 
variation of S/N ratio for all controllable factors. The level which have higher S/N ratio is selected as the optimum 
level contributing the higher micro-hardness. Hence the optimal parameters are Laser power: 18.5kW (Level 1, S/N 
Ratio: 37.9692) Temperature: 171°C (Level 1, S/N Ratio: 37.9585) Part Orientation: 90° (Level 3, S/N Ratio: 
39.9326). The table 13 represents the percentage of contribution of each factor for micro-hardness with estimated 
ANOVA parameters. The calculated values table is shown below: 
 Table 11 Test results and Mean values for the part quality 
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 Fig 6: Average S/N ratio graph for Micro-hardness 
 
 
 
Exp.No. LP Temp PO H1 H2 Mean 
1 1 1 1 80 81 80.50 
2 1 2 2 79 80 79.50 
3 1 3 3 77 78 77.50 
4 2 1 2 76 76.5 76.25 
5 2 2 3 78 79 78.50 
6 2 3 1 74 75.5 74.75 
7 3 1 3 80 81 80.50 
8 3 2 1 78 76 77.00 
9 3 3 2 73 75 74.00 
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Table 12: S/N Ratio for different level for Micro-hardness         Table 13: Shows the % of contribution of parameter to micro-hardness along with            
                                                                                                    ANOVA parameter 
Parameters Levels S/N Ratioavg 
 
Laser Power 
(kW) 
18.5 37.9692 
20.5 37.6708 
22.0 37.7418 
 
Temperature 
(°C) 
171.0 37.9585 
173.5 37.8771 
174.5 37.5462 
 
Part 
Orientation(degrees) 
0° 37.7713 
45° 37.6779 
90° 37.9326 
 
5. Conclusion 
There are many approaches to do the result analysis. But the one approach that we have used to represents the effect 
of parameters on the part quality of SLS part graphically and visually identifying the factors, which appeared to be 
significant. This technique is used a statistical measure of performance called signal-to-noise (S/N) ratio. The 
change in the quality of a product under different levels and with different factors was the main preference of this 
experiment. We have used L9 orthogonal array to map effects of parameters on the quality of SLS parts in rapid 
prototyping technique using factors such as laser power, temperature and part orientation all of these parameters are 
set at three levels and on the tables, graphs and all calculations are showing the results that we will discuss in this 
chapter, 
The major conclusions are as follows: 
x The parameters such as Laser power, Temperature and Part Orientation have influenced much on the 
quality of SLS prototypes. 
x The optimum level combination of the process parameters are: Laser power: 18.5kW (Level 1), 
Temperature: 171°C (Level 1), Part Orientation: 90° (Level 3) for the dimensional accuracy and micro-
hardness of the SLS prototype to enhance the quality of product. 
x Among these three parameters the Laser power and Temperature have the major influence over the 
dimensional accuracy (i.e. three dimensions to be taken for SLS prototype) and Temperature has the major 
influence for the micro-hardness of SLS prototype. 
This procedure is applied in order to optimize the other rapid prototyping processes with different material. The 
optimization is done by Taguchi technique to investigate the effect of parameters over the variables which can also 
be calculated by integrating the Taguchi method with grey relational analysis where the optimal parameter 
combinations of multiple quality characteristics. The optimization technique can be changed to know the effect of 
parameters on the variables.  
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Parameter 
‘i’ 
Degree of 
freedom 
Seq SS Adj MS F P % of 
Contriba 
LP 2 0.14584 0.07292 4.60 0.178 25.89 
TEMP. 2 0.28608 0.14304 9.03 0.100 50.79 
PO 2 0.09959 0.04980 3.14 0.241 17.68 
Error 2 0.03167 0.01584   12.07 
Total 8 0.56319     
Significance at 95% confidence level 
